The release of membrane vesicles (MVs) from the surface of bacterial cells has been observed in all Gram-negative bacteria studied to date (for reviews, see references 6 and 28). MVs are normally spherical bilayer structures 20 to 200 nm in diameter containing characteristic outer membrane constituents, including phospholipids, lipopolysaccharides, and a subset of outer membrane proteins (28, 36) . The vesicle lumen contains mainly periplasmic components. Although the machinery that causes vesicle formation remains elusive, MVs appear to form when the outer membrane bulges and pinches off, encapsulating a periplasmic cargo (28) . MV release has been observed in natural environments and during multispecies infection, where this releases proteins into both the environment and host cells. MVs act as delivery vesicles for bacterial toxins into host cells (22, 25, 55) , promote quorum sensing through the transit of signaling molecules (35) , inhibit phagosome-lysosome fusion during bacterial growth within macrophages (13) , are important constituents of the matrix of Gram-negative and mixed bacterial biofilms (48) , and trigger innate and adaptive immune recognition (4) . In some cases, the MV surfaces are associated with bacterial toxins that adhere to the external space of the bacterium and are therefore specifically targeted transport vesicles mediating the entry of active toxins into host cells (4, 25, 55) .
MVs are the product of growing bacteria, not of cell lysis or death (28, 58) , but the regulatory mechanisms underlying MV formation are unknown. A screen of Escherichia coli mutants that exhibit altered vesiculation levels demonstrated that MV release is not associated with defects in cell envelope stability and cannot be abolished (39) . Subsequent studies have proposed that MV release acts as an envelope stress response that rapidly excludes misfolded proteins from the cell surface (40) . It has also been proposed that expression of modified forms of lipopolysaccharide (LPS) (43) or an interaction of hydrophobic molecules with the outer membrane, as is the case with the quorum-sensing signal molecule pqs (35) , can increase MV production. Recently, it was reported that the release of MVs from actively dividing bacteria is controlled via specifically defined domains that promote outer membrane protein-peptidoglycan (OM-PG) and outer membrane protein-peptidoglycan-inner membrane protein (OM-PG-IM) interactions within the envelope structure (10) .
We have demonstrated that MV biogenesis is provoked by the induction of the Salmonella-specific protein PagC, the expression of which is activated by conditions that mimic acidified macrophage phagosomes. The pagC gene was originally identified as a Salmonella locus requiring PhoP and PhoQ for its expression (41) . Salmonella activates the transcription of pagC within acidified macrophage phagosomes (2) . We initially observed that PagC is enriched in the MV fraction released from the Salmonella cell surface by disruption of ClpXP, a member of the ATP-dependent protease family. ATP-dependent proteolysis is a precise regulatory mechanism limiting the availability of key enzymes and critical regulatory proteins con-trolling gene expression (for reviews, see references 16 and 37) . ClpXP is a bipartite protease responsible for degrading certain key regulatory proteins and aberrant translation products carrying the SsrA degradation tag, which is added cotranslationally to nascent polypeptides when ribosomes stall (15, 17) . FlhDFlhC, a protein complex that functions as a transcriptional activator at the apex of regulation for flagellar biogenesis, is specifically degraded by ClpXP (53) . ClpXP negatively regulates the expression of Salmonella pathogenicity island 1 (SPI1), thereby suppressing apoptosis of macrophages and the invasion of epithelial cells (24) . The mechanism now being studied is how ClpXP controls the quantity of PagC in MV fractions released from Salmonella cells and in consequence shows that PagC is quantitatively controlled by a sigmaS (RpoS)-dependent process; sigmaS is an alternative sigma factor that is specifically degraded by ClpXP (49) . Using a quantitative approach, we explored the vesiculation phenotypes of Salmonella cells that produce different levels of outer membrane proteins controlled by an external promoter. This is a novel serial quantitative analysis measuring the correlation between vesiculation and the quantity of MV constituents. The results indicate that MV formation requires specific sorting mechanism(s) for outer membrane constituents and that PagC is a particularly important constituent in the control of MV biogenesis in Salmonella.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in the present study are shown in Table 1 . Bacteria were routinely grown in L broth and L agar at 37°C. When necessary, the medium was supplemented with chloramphenicol (20 g ml Ϫ1 ), ampicillin (25 g ml Ϫ1 ), and kanamycin (25 g ml
Ϫ1
). To express an intrinsic pagC, bacterial cells were grown in N minimal medium that is minimal medium containing N salts [5 mM KCl, 7.5 mM (NH 4 ) 2 SO 4 , 0.5 mM K 2 SO 4 , 100 mM bis-Tris-HCl], 8 M MgCl 2 , 38 mM glycerol, 0.1% Casamino Acids, and 1 mM KH 2 PO 4 at pH 5.0 with agitation for at least 16 h at 37°C.
Construction of plasmids. To construct plasmid pTKY698, which allows the IPTG (isopropyl-␤-D-thiogalactopyranoside)-controlled induction of PagC, pagC containing the signal sequence region was amplified from the chromosome of strain 3306 by using the primers Sig-PagC(BamHI)F (5Ј-TAAGTAGTATTA AGGAGGATCCATGAAAAA-3Ј) and PagCHis-tagR (5Ј-GGAAGGCGAAG CTTCCGCATAGCTT-3Ј). The 612-bp fragment generated was cleaved with BamHI at the 5Ј end and with HindIII at the 3Ј end and then cloned into the vector pUHE21-2⌬fd12. Plasmid pTKY706, encoding N-terminally His-tagged pagC without the signal sequence region, was constructed by PCR amplification of a 528-bp BamHI-HindIII fragment carrying pagC using the primers PagCHistagF (5Ј-ACAGGGATCCACTAACGCCTTTTCCGTGGG-3Ј) and PagCHistagR and cloning the fragment into pUHE212-1. Plasmid pTKY620 containing the pagC promoter was constructed by PCR amplification of an 853-bp BamHIHindIII fragment carrying the pagC promoter with primers PagClacZF (5Ј-GC GGGGATCCGTTAACCACTCTTAATAATA-3Ј) and PagClacZR (5Ј-CCTG AAAGCTTCTTTGTGCATACCCCACGG-3Ј) and cloning the fragment into pCB182. To construct plasmid, pTKY896, which allows the IPTG-controlled induction of OmpX, ompX was amplified from the chromosome of strain 3306 using the primers OmpXF (5Ј-GGGAGGGATCCATGAAAAAA-3Ј) and OmpXR (5Ј-CCGAAGCTTTTAGAAGCGGT-3Ј). To construct, pTKY897, which allows the IPTG-controlled induction of OmpA, ompA was amplified from the chromosome of strain 3306 using the primers OmpAF (5Ј-CGGCGAGAT CTATGAAAAAG-3Ј) and OmpAR (5Ј-GACAAGCTTTTAAGCCTGCG-3Ј).
Preparation of detached proteins. For preparation of cell-associated proteins, 40 ml of bacterial culture grown under pagC-expressing conditions were pelleted by centrifugation at 13,000 ϫ g for 30 min and resuspended in 5 ml of phosphatebuffered saline. This suspension was agitated at maximum speed in a 50-ml centrifuge tube on a Vortex mixer (Sibata) for 60 s. Bacterial cells were pelleted by centrifugation at 13,000 ϫ g for 20 min, and the supernatant was passed through a 0.22-m-pore size filter (Millipore) to remove residual bacteria. Protein in the supernatant fractions (detached fraction) was recovered by precipitation with trichloroacetic acid (final concentration, 10%) on ice for 15 min and subsequent centrifugation at 13,000 ϫ g for 10 min. The pellets were washed once with acetone and suspended in sodium dodecyl sulfate (SDS) sample buffer. The final concentration of proteins in the detached fraction was adjusted by the cell density of the original culture.
Preparation and quantitative analysis of MVs. To prepare MVs released into media, bacterial cells grown in 80-ml cultures under pagC-expressing conditions were centrifuged at 13,000 ϫ g for 30 min. The supernatants were filtered through a 0.45-m-pore filter (Millipore) to remove residual bacteria before being recentrifuged at 150,000 ϫ g for 3 h. The pellets were resuspended in 10 mM Tris-HCl (pH 8.0), filtered through a 0.22-m-pore filter (Millipore), and loaded onto a Superose 12 column (GE-Healthcare) with 10 mM Tris-100 mM NaCl (pH 8.0).
Purification of N-terminally His-tagged PagC protein and generation of the anti-PagC antiserum. To purify N-terminally His-tagged PagC, 3 liters of a culture of Escherichia coli DH5␣Z1 derivative harboring pTKY706 was incubated at 37°C until the cell density reached an optical density at 600 nm (OD 600 ) of 1.0. IPTG was added to a final concentration of 1 mM for 3 h, and the cells were collected by centrifugation. Wet cell pastes were resuspended in cold lysis buffer (50 mM NaH 2 PO 4 , 0.3 M NaCl, 10 mM imidazole [pH 8.0]) containing 1 mg of lysozyme ml Ϫ1 and then sonicated. After centrifugation of the sonically disrupted cells, the pellet was washed twice with lysis buffer containing 1% Triton X-100 and resuspended in sample buffer (100 mM NaH 2 PO 4 , 10 mM Tris, 8 M urea [pH 8.0]). After centrifugation, the supernatant was loaded with appropriate amounts of Ni 2ϩ -NTA resins and incubated for 1 h. The PagC fusion protein was eluted with an imidazole step gradient (20, 50, 75, 100, 150, 200 , and 250 mM). Portions of the peak fraction were dialyzed against dialysis buffer (10 mM sodium phosphate buffer, 8 M urea [pH 7.4]) and used to immunize a rabbit.
Cell fractionation. Bacterial cells were harvested from 100 ml of culture by centrifugation at 13,000 ϫ g for 15 min. The periplasmic fraction was prepared as described by Pierce et al. (45) , with some modifications. Cell pellets were resuspended in 1 ml of buffer A (10 mM phosphate buffer [pH 6.8], 1 mM EDTA, 20% [wt/vol] sucrose) and treated with lysozyme (2 mg ml Ϫ1 ) for 30 min on ice. The cells were centrifuged to separate the periplasmic contents from the spheroplast. Pellets were resuspended in buffer B (10 mM phosphate buffer [pH 6.8], 1 mM EDTA) and sonicated in a Branson cell disruptor B15 while cooling. Intact cells were removed by centrifugation at 13,000 ϫ g for 5 min at 4°C. The supernatant was centrifuged at 100,000 ϫ g for 1 h at 4°C, and the cytoplasmic fraction (supernatant) was removed. The insoluble fraction was resuspended in 2 ml of buffer C (10 mM phosphate buffer [pH 6.8], 0.2 mM dithiothreitol); 120 l of 12% sodium N-lauroyl sarcosinate was added to solubilize the inner membrane. After centrifugation at 100,000 ϫ g for 2 h at 4°C, the pellet (outer membrane fraction) was resuspended in 1 ml of buffer D (10 mM phosphate buffer [pH 6.8 
], 0.2 mM dithiothreitol, 1% [wt/vol] n-octyl-␤-D-glucoside).
SDS-PAGE and immunoblotting. Gel electrophoresis was carried out according to the method of Laemmli (29) using 12.5% SDS-polyacrylamide gels unless otherwise indicated. The separated proteins were transferred on to an ImmunBlot polyvinylidene difluoride membrane (Bio-Rad) and incubated with antiSalmonella PagC serum (1:25,000), anti-E. coli OmpX (1:25,000), anti-E. coli OmpA (1:25,000) serum, anti-E. coli RpoE serum (1:5,000), or anti-E. coli HtrA serum (1:5,000), followed by the procedure previously reported (51) . AntiOmpA serum, Anti-OmpX serum, Anti-RpoE serum, and Anti-HtrA serum were kindly provided by K. Ito (42) , D. Linke (3), A. Ishihama (23) , and S. Matsuyama, respectively.
Mass spectrometric analysis of proteins. The protein bands of interest stained with Coomassie brilliant blue were excised from the gel, destained, and digested in situ with trypsin (Promega). After digestion for 16 h at 37°C, the samples were centrifuged and further purified by using Zip-TipC18 pipette tips (Millipore). An aliquot of the sample was taken for analysis with 4700 matrix-assisted laser desorption ionization-time of flight (TOF)/TOF analyzer (Applied Biosystems).
Negative staining electron microscopy. To visualize the MVs and cells, samples were applied to carbon-coated copper grids, stained with 2% uranyl acetate, and examined with a JEOL JEM2000EX electron microscope.
RESULTS
Accelerated release of Salmonella outer membrane protein, PagC, due to ClpXP depletion. Salmonella loses its ability to grow in murine macrophages, and lethality is attenuated when ClpXP genes are disrupted (56) . Several virulence genes are required for Salmonella to be successful as an intracellular pathogen. Regulating the expression of these gene sets is temporally and spatially coordinated. For example, SPI2, which is required in order for Salmonella to grow in macrophages, is induced when bacteria are exposed to an acidic pH after growing in minimal medium, probably reflecting the environment of the acidified macrophage phagosome (9, 11, 33, 57) . A set of substrate proteins secreted by the SPI2 system occurs in a fraction detached from the bacterial cell surface by mechanical shearing (the detached fraction), indicating that these proteins are predominantly assembled into complexes on the cell surface (44) . The ability of the ClpXP-deficient Salmonella mutants to grow in macrophages is impaired (56) ; therefore, the mutants were characterized under conditions mimicking acidified macrophage phagosomes. As a consequence, we found that the fraction detached from the cell surface by ClpXP disruption was enriched with PagC, a Salmonella outer membrane protein (21), described below.
The protein patterns of the detached fraction from Salmonella cells grown in minimal medium containing N-salt (N minimal medium) at pH 5.0 to mimic acidified macrophage phagosomes is presented in Fig. 1 . The SPI2 protein SseD, identified by mass spectrometric analysis, was expressed at a lower level than in the wild-type (WT) strain, whereas some proteins were significantly enriched in the ⌬clpXP mutant strain. Among these were proteins with a molecular mass of 40 to 50 kDa that could be related to flagella since they are absent from the detached fraction of strains containing an flhD::Tn10 mutation, resulting in a lack of flagella. FlhD is a component of the FlhDFlhC master regulator, essential for the transcription of genes in the flagellar regulon. ClpXP recognizes and degrades the FlhDFlhC complex and therefore flagellum-related proteins accumulate in ClpXP-depleted cells (52, 53) . In addition to the flagella-related proteins, five proteins of 66, 48, 37, 19, and 18 kDa were enriched in the detached fraction of the ⌬clpXP mutant strain, suggesting that ClpXP exerts effects on several factors found in the detached fraction. A protein with a molecular mass of 19 kDa was identified as lipid A 3-Odecacylase PagL, which is involved in the recognition of aminoarabinose-based membrane modifications (34) . An abundant protein with a molecular mass of 18 kDa was identified as PagC after mass spectrometry. The amount of PagC increases VOL. 192, 2010 PagC-REGULATED MV BIOGENESIS 5647
on October 23, 2017 by guest http://jb.asm.org/ in the detached fraction after ClpXP depletion, suggesting that ClpXP could regulate PagC at the cellular level and/or its export by Salmonella. PagC is controlled in a sigmaS-dependent manner. In order to examine how ClpXP controls PagC levels, PagC was quantified in whole lysates prepared from bacterial cells grown in N-minimal medium (pH 5.0). ClpXP depletion increased the amount of PagC in whole-cell lysates ( Fig. 2A , compare clpXP ϩ and ⌬clpXP in a phoP ϩ rpoS ϩ background) and in the detached fraction (Fig. 1) . pagC is one of several genes activated by PhoP, composed of a two-component regulatory system called PhoPQ (2) . Therefore, we investigated whether PhoP was required for the increased amount of PagC resulting from ClpXP depletion. Disruption of phoP completely inhibited the production of PagC in clpXP ϩ and ⌬clpXP cells ( Fig.  2A , see clpXP ϩ and ⌬clpXP in a ⌬phoP rpoS ϩ background), indicating that PhoP is essential for the increased PagC levels caused by ClpXP depletion.
One of the substrates for ClpXP is an alternative sigma factor, sigmaS (RpoS), for RNA polymerase (49) . SigmaS is present at very low levels during exponential growth, but its stability increases ϳ10-fold as cells reach the stationary phase or when they have been subjected to stresses such as starvation, acidic shock, or oxidative damage (30) . Rapid degradation of sigmaS is predominantly due to ClpXP, and mutations to ⌬clpXP result in the accumulation of sigmaS. The effect of rpoS disruption on PagC production in the ⌬clpXP mutant was examined in order to determine whether increased levels of PagC resulting from the ClpXP depletion is sigmaS dependent. The ⌬rpoS mutation decreased the amount of PagC in WT and ⌬clpXP cells ( Fig. 2A; see clpXP ϩ and ⌬clpXP in a phoP ϩ ⌬rpoS background). Importantly, the ⌬rpoS mutation abolished the increased levels of PagC resulting from ClpXP depletion in whole-cell lysates, suggesting that PagC is regulated by ClpXP through a sigmaS-dependent pathway. To examine whether ClpXP and sigmaS are involved in the regulation of pagC transcription, pagC expression were measured by using lacZ fusions in strains with different genetic backgrounds. ␤-Galactosidase activity, expressed by the pagC-lacZ fusion, demonstrated that sigmaS-depletion and ClpXP depletion did not affect the rate of pagC transcription (Fig. 2C) ; this indicates that pagC transcription is sigmaS independent. Therefore, it is suggested that PagC levels are controlled at the posttranscriptional and/or posttranslational level in a sigmaS-dependent manner.
PagC is exported in association with MVs. On the basis of amino acid sequence alignment, PagC probably belongs to a family of 17-to 19-kDa outer membrane proteins predicted to have eight membrane-spanning amphipathic ␤-strands and four loops (21) . Why is PagC, an outer membrane protein, detected predominantly in the fraction detached from cells by shearing? Our hypothesis is that it is released from the bacterial cell surface by association with MVs. We have investigated this by characterizing MVs released from ⌬clpXP and clpXP ϩ cells without flagella grown in N minimal medium at pH 5.0. Equal amounts of supernatant from OD 600 -matched total culture samples were subjected to size exclusion chromatography on Superose 12, giving the chromatographic elution patterns presented in Fig. 3 . The proteins in the fractions were analyzed by SDS-PAGE and immunoblotting, and the macromolecular composition was analyzed by using electron microscopy. In the first peak (fractions 12 to 14), immunoblotting detected OmpA (Fig. 3B) , a known major component of MVs. MVs were the only structures identified by electron microscopy (inset in Fig.  3A ). From these images and the predicted OmpA band, it was concluded that the first peak contained pure MVs. Immunoblotting showed PagC to be present in the fractions containing MVs (Fig. 3B) . In addition, immunoblotting demonstrated that DnaK, a cytoplasmic protein, was not present in the first peak, excluding the possibility of contamination by cytoplasmic proteins. Samples of each peak fraction derived from MV preparations were subjected to SDS-PAGE. Silver staining of the bands found the presence of several proteins other than PagC and OmpA in the peak fraction containing MVs (Fig. 3D) . This suggests that PagC is released from Salmonella cells into the extracellular space by association with MVs.
The elution patterns (Fig. 3A) indicate that ϳ10-fold more MVs are released from ⌬clpXP cells than from clpXP ϩ cells, and silver-stained gels (Fig. 3D) and immunoblotting (Fig. 3C) confirmed the increased release of PagC-associated MVs from ⌬clpXP cells. Therefore, it is possible that increasing levels of PagC caused the accelerated vesiculation from ⌬clpXP cells. Alternatively, the greater vesiculation may be due to a more fragile outer membrane in ⌬clpXP cells. To address this pos- FIG. 3 . Elution pattern of size exclusion chromatography and protein profiles of MV preparations from Salmonella strains CS2609 (clpXP ϩ ) and CS2610 (⌬clpXP). Both strains have the flhD::Tn10 mutation expressing no flagella in the genetic background. Cells were grown in N-minimal medium and the MV preparations were isolated and subjected to gel chromatography using Superose 12. The elution patterns of the chromatography are shown in panel A. Peak a, strain CS2610 (⌬clpXP); peak b, strain CS2609 (clpXP ϩ ). The inset is an electron micrograph showing macromolecules of the highest peak. Bar, 100 nm. (B) The fractions were subjected to SDS-PAGE, followed by immunoblotting. (C and D) A portion of the biggest peak of each chromatography was subjected to SDS-PAGE, followed by immunoblotting (C) and silver staining (D). (E) Immunoblotting was performed to detect HtrA in the culture supernatants (Sup) prepared from Salmonella strains, CS2609 (clpXP ϩ htrA ϩ ) and CS2610 (⌬clpXP htrA ϩ ). The lysates (Lys) were prepared from CS2609 and CS2019 (clpXP ϩ ⌬htrA). Coomassie blue-stained SDS-PAGE patterns of the same samples used for immunoblotting are shown in panel F. Cells were grown in N minimal medium and removed by centrifugation at 13,000 ϫ g for 30 min. The supernatant was filtrated and then concentrated as previously described (52).
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on October 23, 2017 by guest http://jb.asm.org/ sibility, we compared their leakage of the periplasmic protein, HtrA, to that from WT cells. Immunoblotting (Fig. 3E) detected no HtrA leaked into the medium from both ⌬clpXP and WT cells. In addition, the ⌬clpXP mutant and WT strains had a similar susceptibility to the membrane-disrupting antimicrobial peptide, polymyxin B. The clear zones (no cell growth) around discs containing 300 U of polymyxin B placed on top of agar containing bacterial cells were comparable; the diameters of the clear zones for clpXP ϩ and ⌬clpXP cultures were 19.25 Ϯ 0.71 mm and 19.39 Ϯ 0.46 mm, respectively. These results indicate that the disruption of clpXP did not affect membrane stability in Salmonella cells. Therefore, the increased release of PagC-associated MV from ⌬clpXP mutant cells occurred irrespective of the stability of the outer membrane of bacterial cells.
ClpXP can degrade the prokaryotic cytoskeletal protein, FtsZ, which assembles at the middle division site in the form of a Z-ring, leading to initiation of cell division (8) . Furthermore, the ClpX component of ClpXP moderates FtsZ polymer dynamics (8) . Therefore, the effect of clpXP-disruption on cell wall may affect the MV formation, although E. coli and S. enterica serovar Typhimurium strains defective in ClpXP had no growth defects (8, 53) . To examine the possibility that ClpXP may act on another factor besides PagC overproduction on MV formation, the ⌬pagC ⌬clpXP double mutant was constructed and analyzed by electron microscopy. Representative photographs in Fig. 4A and B show that the clpXP-disruption increased MV formation. Figure 4C demonstrates the increased release of MVs on the surface of the ⌬pagC ⌬clpXP cells irrespective of the absence of PagC, suggesting that ClpXP could affect several factors that accelerate MV formation. We also examined MVs purified from the culture supernatants of ⌬pagC ⌬clpXP cells and ⌬clpXP cells by electron microscopy. MVs purified from ⌬pagC ⌬clpXP cells were strikingly and significantly different in morphology from those from ⌬clpXP cells; larger vesicle structures were more common in the ⌬pagC ⌬clpXP mutant strain (Fig. 4E) . Furthermore, MVs from ⌬pagC ⌬clpXP cells were lighter in density compared to those from ⌬clpXP cells, according to OptiPrep density gradient centrifugation (data not shown). It is therefore speculated that the increasing level of PagC could compensate in the disordered biogenesis of MV caused by clpXP disruption.
It has been proposed that MV release acts as a response to envelope stress that rapidly excludes misfolded proteins from the cell surface (40) . The increased levels of PagC in ⌬clpXP cells might be misfolded and accumulate in the periplasmic space. If this is so, the misfolded proteins could induce envelope stress, which causes increasing levels of sigmaE (RpoE). To address this possibility, the amount of sigmaE in ⌬clpXP cells was measured and compared to isogenic parental strain. The ⌬clpXP mutation did not affect the cellular levels of sigmaE ( Fig. 2A) , indicating that PagC proteins are not misfolded in the periplasmic space of the mutant cells.
To establish whether MV release is provoked under conditions that physiologically increase PagC production (e.g., PhoP activation or RpoS activation), bacterial cells were grown in L broth or N minimal medium known to activate PhoP expression (5). Immunoblotting (Fig. 5) showed that the production of RpoS is also upregulated in cells grown in N minimal medium. The amounts of MV released from bacterial cells were therefore examined by immunoblotting. A greatly increased release of PagC-associated MV from cells grown in N minimal medium occurred compared to cells grown in L broth, whereas the level of OmpA in MVs released from cells grown in N minimal medium was similar to that from cells grown in L broth. These results suggest that the formation of MVs can be provoked under physiological conditions increasing PagC production. Taking these findings together, it is suggested that PagC is released into the extracellular space by MVs from the surface of Salmonella cells and that increasing levels of PagC likely cause accelerated vesiculation.
Quantitative analysis of MVs released by bacteria producing different levels of outer membrane proteins. Quantitative analysis of MV preparations from ⌬clpXP and clpXP ϩ cells indicated that the increased production of PagC resulted in the accelerated formation of MV from Salmonella. To investigate whether the quantity of MV release correlates directly with PagC accumulation, the amounts of MV released from bacterial cells in which the expression of pagC is controlled by different concentrations of IPTG were measured quantitatively. The plasmid pTKY698 (ppagC), which controls pagC expression under the P A1/lacO-1 promoter, was constructed. Salmonella cells harboring pTKY698 were grown in L broth before being exposed to various concentrations of IPTG to induce pagC expression. Protein profiles of lysates prepared from bacterial cells are presented in Fig. 6C . MV preparations from cultures were loaded on to size exclusion gels, and the data regarding quantitative analysis of elution patterns and integral volumes of elutes are presented in Fig. 6A and B, respectively. MV formation increased in correlation with IPTG concentration; vesiculation increased 50-fold at a concentration of 50 M (Fig. 6B ) and 170-fold at a concentration of 100 M (data not shown), demonstrating that vesiculation accelerated with increasing levels of PagC.
The overproduction of OmpX, an outer membrane protein identified by mass spectrometry in purified MVs released from Salmonella cells, was studied. OmpX belongs to a family of conserved proteins, including PagC and Rck from S. enterica serovar Typhimurium, Ail from Yersinia enterocolitica, and Lom encoded by phage (21) . OmpX is an eight ␤-stranded transmembrane barrel protein that is integrated into the outer membrane (27) . The ompX gene requires PhoP-PhoQ for its expression and is upregulated in macrophage phagosomes in a similar manner to PagC (50) . Salmonella cells harboring pTKY896 (pompX), capable of controlling ompX expression under the P A1/lacO-1 promoter, were grown in L broth and exposed to different concentrations of IPTG; the amount of MVs released from cells expressing different levels of OmpX were quantified by chromatography (Fig. 6A) . Overproduction of OmpX increased vesiculation 4.7-fold at a concentration of 500 M IPTG relative to controls (Fig. 6B) , suggesting that increased vesiculation results from increased amounts of specific outer membrane proteins. However, increased vesiculation corresponding to overproduction of OmpX was less pronounced than that caused by PagC overproduction. It has been demonstrated that MV production is modulated in response to the state of the envelope, decreasing under low-stress conditions and increasing with accumulation of overexpressed or misfolded envelope components (40) . Excessively produced PagC, unlike overproduced OmpX, could be misfolded leading to envelope stress. To investigate the extent of envelope stress due to overproduction, the amount of sigmaE in cells overexpressing pagC or ompX at 50 M IPTG was measured. Immunoblotting (Fig. 7 ) showed no increase of sigmaE level in cells after overproduction of PagC and OmpX at 50 M IPTG. Therefore, we conclude that greater vesiculation is not due to sigmaE envelope stress but increases in a PagC-dependent manner, suggesting that specific sorting mechanisms operate during MV formation. On the other hand, the overproduction of OmpX has been shown to increase sigmaE envelope stress by monitoring sigmaE-initiated degP transcription (38) . In the present study, overproduced OmpX induced sigmaE envelope stress when exposed to 500 M IPTG (Fig. 7A) .
To examine the possibility that PagC could be preferentially sorted into MVs, a quantitative analysis of the ratios of pro- teins present in the MVs, outer membrane, periplasm, cytoplasm and whole-cell lysates was performed. The amounts of PagC and OmpX were quantified and normalized to OmpA, a major component of MV ( Fig. 8A and B) . The PagC/OmpA ratio in MVs purified from cells that did not express pagC was 1.5; cells expressing pagC incubated with 50 M IPTG had a ratio of 14. However, the PagC/OmpA ratio in outer membranes from cells expressing pagC was comparable to that from cells that did not express pagC. This suggests that overproduced PagC does not accumulate in the outer membrane but is found in MVs. In contrast, OmpX was not selectively enriched in MVs (OmpX/OmpA ratios in MVs were 1.2 at 50 M IPTG and 0.9 without IPTG), but OmpX production increased 12-fold (OmpX/OmpA ratios in whole-cell lysates were 2.3 at 50 M IPTG and 0.2 with no IPTG), suggesting that PagC can be selectively enriched into MVs, whereas OmpX cannot. In the periplasmic fraction, PagC was not detected after induction with 50 M IPTG, indicating that overproduced PagC was not misfolded and could be delivered to the outer membrane and could end up in MVs. In contrast, overproduced OmpX was (Fig. 8C) .
We suggest that, based on these results, specific sorting mechanisms operate during MV formation. Furthermore, PagC could be a key component in the regulation of vesicle production in Salmonella growing in macrophages.
DISCUSSION
MVs are released from bacteria growing in various environments, including solid and liquid media (7), biofilms (48) , and within intracellular locations such as host epithelial cells and macrophages (13, 14) . The present study has demonstrated that the outer membrane protein PagC, the expression of which is specifically induced in Salmonella by responding to the acidified environment of macrophage phagosomes (2), is a major constituent of MVs (Fig. 3) . Furthermore, PagC is controlled at the posttranscriptional and/or posttranslational level in a sigmaS-dependent manner (Fig. 2) .
The mechanisms involved in the physical formation and regulation of MVs were investigated, and it was demonstrated that the rate of vesiculation correlates directly with the levels of outer membrane proteins that are constituents of MVs (Fig.  6 ). In addition, this was the first study to measure the amount of MV released by Gram-negative organisms quantitatively. This quantitative approach demonstrated that the rate of MV production correlates with increased levels of PagC resulting from incubation with IPTG. In contrast, although MV release increased as OmpX production increased, the rise was modest in comparison to that achieved with PagC. The influence of protein constituents on the release of MVs by Salmonella cells can be assessed by quantitative methods that compare WT bacteria with isogenic mutants, each lacking a major MV protein (10) . This approach has demonstrated that MV release by mutants lacking the integral outer membrane proteins OmpX, OmpC, OmpF, or NmpC was similar to the WT (10). Furthermore, deletion of PagC does not affect vesiculation from Salmonella (unpublished data). OmpX is a barrel membrane protein with eight antiparallel ␤-strands lacking extensive connectivity to envelope components such as peptidoglycan and the inner membrane (27) . The strong homology between OmpX and PagC suggests that PagC is a barrel protein that integrates into the outer membrane. Despite similar architecture in the outer membrane, increased vesiculation corresponding to overproduction of OmpX was less pronounced than that corresponding to overproduction of PagC. Furthermore, quantitative analysis of the ratio of PagC or OmpX to OmpA in the periplasm, outer membrane and MVs demonstrated that PagC is preferentially enriched in MVs released from cells (Fig. 8) . These results suggest the presence of specific sorting mechanism(s) for outer membrane proteins during MV formation and that PagC is a key component of this process. The mechanisms by which bacteria sort proteins into MVs are largely unknown; however, SDS-PAGE analysis of proteins associated with different cellular fractions produced different banding patterns for MVs compared to the outer membrane, periplasm and other cellular fractions, further evidence for specific protein sorting mechanisms operating during MVs formation (22, 32) . In addition, the results imply the presence of hot spots for vesicle budding, where the outer membrane becomes loosely attached to the cell and forms MVs that are released into the extracellular space. Increased PagC could preferentially integrate with the hot spot, leading to the acceleration of MV production.
PagC is important for survival in macrophages and mouse virulence, as shown by analysis of pagC mutants (41) . However, controversy exists over the role of PagC in mouse virulence (1): the ⌬pagC::Km mutant possessed no obvious change in the virulence phenotype for the previous pagC mutant in macrophages, and only a very mild attenuation was observed in mice. The previous implication of pagC in macrophages and mouse virulence was based on the strategy of insertional mutants harboring the TnphoA transposon (41) . TnphoA can cause virulence defects that are not related to the gene inactivated by the transposon, probably because of the production by hybrid proteins (19) . In spite of the lack of virulence phenotypes, PagC probably plays a role in infection because it has been recovered in a screen for genes required for long-term systemic infection (31) and is a major antigen in Salmonella-infected patients (20) . Salmonella replicates within host cells in a membrane-bound compartment, the Salmonella-containing vacuole (SCV). Intravacuolar bacterial replication depends on SCV biogenesis being controlled by several effectors delivered by SPI1-and SPI2-type III secretion systems (for reviews, see references 26 and 46) . On the other hand, the global transcription profiling of intracellular Salmonella when replicating in the SCV shows that there is altered transcription of 919 genes ) were grown in L broth to an OD 600 of 0.5, followed by the induction of pagC, ompX, or ompA expression by 50 M IPTG for 16 h. MV preparation and cell fractionation were performed as described in Materials and Methods. A portion of MVs (MV), outer membrane (OM), periplasmic space (PE), cytoplasm (CY), or whole-cell lysates (WC) was subjected to SDS-PAGE, followed by immunoblotting with antiserum against PagC, OmpX, or OmpA. Silver-stained SDS-PAGE patterns of the samples used for immunoblotting are also presented. PagC/OmpA ratio of densitometry values is indicated in panel A and B. ppagC, pTKY698; pompX, pTKY896; pompA, pTKY897. membrane protease that activates pro-matrix metalloprotease-9 and degrades gelatin after growth within macrophage cells, with the assumption that it contributes to the dissemination of Salmonella in the host by monitoring bacterial numbers after intraperitoneal infection in BALB/c mice (47) . Altogether, MV release invoked by PagC production seems to function as a delivery system for the virulence-related proteins from SCV to cytoplasm of macrophage cells, where they can interact with various host cell functions, thereby causing Salmonella pathogenesis.
Naturally produced MVs from pathogenic bacteria contain adhesins, toxins, and LPS; they directly mediate bacterial adhesion, cause cytotoxicity, and modulate the host immune response (6, 14, 22, 25, 54, 55) . These findings suggest a common function for MVs, a means by which bacteria interact with prokaryotic and eukaryotic cells in their environments. However, the importance of MV formation for intracellular bacteria that can adapt remarkably to intracellular conditions in host tissues remains to be clarified. It is known that MVs shed by Legionella pneumophila can inhibit phagosome-lysosome fusion in primary mouse macrophages, although whether particular LPS or protein species are associated with the MVs has not been clarified (13) . The present study provides further insight into the role of MVs in bacteria growing within host cells where MVs possibly deliver virulence proteins. We are currently exploring the trafficking of MVs released from Salmonella in macrophage cells.
